We study the large-scale bias parameter of cosmic voids with primordial non-Gaussian (PNG) initial condition of the local type. In this scenario, the dark matter halo bias exhibits a characteristic scale dependence on large scales, which has been recognized as one of the most promising probes of local PNG. Using a suite of N -body simulations with Gaussian and non-Gaussian initial conditions, we find that the void bias features scale-dependent corrections on large scales, similar to its halo counterpart. We model the void bias using the peak-background split formalism, and find that this can qualitatively describe our simulation results. Contrary to halos, large voids anti-correlate with the dark matter density field, and the large-scale Gaussian void bias ranges from positive to negative values depending on void size and redshift. Thus, the information in the clustering of voids can be complementary to that of the halos. Using the Fisher matrix formalism for multiple tracers, we demonstrate that including the scale-dependent bias information from voids, constraints on the PNG parameter fNL can be tightened by a factor of two compared to the accessible information from halos alone when the sampling density of tracers reaches 4 × 10 −3 Mpc −3 h 3 .
Introduction.-Primordial non-Gaussianity (PNG) offers an important probe into the physics of inflation [1] [2] [3] , as it allows to constrain the production mechanism of primordial perturbations which seed the structures we observe in the Universe today. Furthermore, PNG can be directly related to primordial interactions taking place at energies as high as 10 14 GeV, providing a unique window into the particle content of inflation [3, 4] . A simple way to parametrize PNG is to Taylor expand the Bardeen potential Φ around a Gaussian field φ as [5] [6] [7] Φ(x) = φ(x) + f NL (φ 2 (x) − φ 2 ),
where f NL parametrizes the strength of the nonGaussianity. Despite its phenomenological nature, this local PNG model can be connected to realistic models of multi-field inflation [3] . Using maps of the CMB, the Planck collaboration derived a stringent constraint of f NL = 0.8 ± 5.0 [8] .
While CMB limits are unlikely to significantly improve in the future, the large-scale structure (LSS) is the next frontier in constraining PNG. The PNG can be detected using the galaxy bispectrum [6, 9, 10] . However, to extract the feeble PNG signal from it, dominant contributions from late-time non-Gaussianities due to dark matter nonlinearities, galaxy biasing, and redshift-space distortions must be modeled well. Recovering information from the bispectrum is also hampered by its large covariance [11] . On the other hand, it was discovered that the halo bias exhibits a strong scale dependence on large scales in the local PNG scenario [12] . In contrast, for Gaussian initial conditions the large-scale halo bias remains scale-independent. Scale-dependent halo bias from PNG has been extensively investigated with numerical simulations [12] [13] [14] [15] [16] [17] [18] [19] . Importantly, the inflationary consistency relation on the bispectrum of primordial perturbations [20] implies that for generic single-field models of inflation, there is no coupling between long and small-scale modes. This is because the long mode can be absorbed by a coordinate transformation, hence there is no scale-dependent halo bias [21] [22] [23] [24] [25] . Thus, detection of the scale-dependent bias of tracers on large scales (modulo projection effects [26] [27] [28] [29] ) offers a means to rule out single-field inflation.
This unique feature has been applied to constrain local PNG using galaxy survey data [30] [31] [32] [33] [34] [35] [36] . Although contaminations from late-time non-Gaussianity are relatively mild in the linear regime, it was realized that the low-k part of the power spectrum is susceptible to observational systematics, such as stellar contamination [33, 37, 38] . After carefully eliminating systematics, the current bound on f NL is 5 ± 21 (cross correlation between various data sets [34] ) and −39 < f NL < 23 (quasars [35] ). The constraints from future surveys are expected to tighten by one to two orders of magnitude [17, [39] [40] [41] [42] [43] [44] [45] . This can be achieved by combining multiple tracers of the LSS, which allows one to cancel out the dominant cosmic variance contribution on large scales [17, [46] [47] [48] [49] .
Almost all studies on PNG focus on tracers with positive bias parameters (except [50] [51] [52] ), with galaxies as the prime example. Voids are distinct from halos, because their large-scale bias ranges from positive to negative values as the void size increases [53, 54] . In recent years, various clustering properties of voids have been measured using galaxy samples: redshift-space distortions around voids [55] [56] [57] [58] [59] [60] [61] , the configuration-space void bias [62] , the tracer bias around voids [63] , and the Baryon Acoustic Oscillations from voids [64] . Because the clustering of voids enables us to probe a range of bias that is not accessible to halos, in this work we investigate void bias in the presence of local PNG and its potential constraining power on f NL .
Theory.-We derive the void bias in PNG using the peak-background split formalism [65] [66] [67] [68] . To do so we consider the response of the void size distribution to long wavelength perturbations. The void size distribution can be modeled as a first-crossing distribution problem in the excursion set formalism [69] . Besides the void formation threshold δ v , the halo formation threshold δ c is also required, because underdensities embedded in a largerscale overdensity can be squeezed out of existence when the overdensity collapses [70] . However, for large voids (with size 10 Mpc h −1 ), this void-in-cloud problem is not important. In the spherical collapse scenario, the values of δ c and δ v are 1.68 [71] and -2.72 [72] , respectively. The first crossing distribution for voids can be approximated as [70] 
where ν ≡ |δ v |/σ RL is the peak significance of a void and σ RL is the RMS of the density fluctuations evaluated using a top-hat filter of size R L , the Lagrangian size of the void. D denotes the so-called void-and-cloud parameter
Because the voids from our void finder may not necessarily have undergone shell crossing, a condition assumed in the spherical collapse model, we treat δ v as a free parameter to accommodate a more phenomenological approach (see [73] ). We map the Eulerian void size to the Lagrangian one using the spherical collapse relation in [74] . F(ν, δ v , δ c ) satisfies the constraint that the smoothed density first falls below δ v at scale ν, without falling out of the interval [δ v , δ c ] for any smaller ν. When D is set to zero, F reduces to the Press-Schechter multiplicity function [75] . The void size distribution can be written as
where the Lagrangian void volume is
To derive the effect of a long mode on small-scale ones, we first split the Gaussian potential φ into long-and short-wavelength perturbations φ = φ l + φ s . The smallscale Bardeen potential Φ s becomes Φ s ≈ φ s + 2f NL φ l φ s , where we only keep the leading long-wavelength modulated perturbation. The small-scale overdensity is obtained via the Poisson equation
The factor M reads
where c is the speed of light, Ω m0 and H 0 are the matter density and Hubble parameter at present time, T (k) is the transfer function, and D the growth factor normalized to the scale factor in the matter-dominated era.
In the presence of a long-wavelength perturbation δ l , the thresholds shift as δ v → δ v − δ l and δ c → δ c − δ l . By considering the response of n v to δ l , we obtain the linear Gaussian bias [54, 70] 
Following [30] , in the local PNG model the long wavelength perturbation effectively rescales the amplitude of the small-scale fluctuations [see Eq. (4)]. In addition to b 
With Eq. (2), the PNG void bias in k-space becomes
In [50] the PNG void bias was derived in the high peak limit using the path integral formalism [76] [77] [78] , it can be written as
This is the analog of the well-known PNG halo bias [12, 30, 78] (with δ v replaced by δ c ). It agrees with Eq. (8) in the high peak limit, which is valid for large void sizes. Numerical results.-In this work we use two sets of N -body simulations. The first set consists of 1024 There are six realizations for the Gaussian and PNG simulations (f NL = 100). We use this set to illustrate the properties PNG void bias. When we perform the Fisher forecast, we make use of numerical power spectra directly. In order to increase the signal-to-noise, we use a second set of N -body simulations, which contains 1536 3 particles in a box of 2000 Mpc h −1 . The cosmological parameters are Ω m = 0.3, Ω Λ = 0.7, n s = 0.967, and σ 8 = 0.85. There are three subsets of simulations: f NL = 0, 250, and −250, with each eight realizations. For all simulations the initial particle displacements are implemented using 2LPTic [18, 80] at z = 99, and then evolved with Gadget2 [81] . Halos are identified using the halo finder AHF [82] and Rockstar [83] , respectively. For more details, we refer the readers to [54] for the first, and to [19] for the second set of simulations. Void catalogs are extracted using the void finder VIDE [84] , which is based on ZOBOV [85] using a watershed algorithm [86] .
As a consequence of the typically large extent of voids, their number density is generally low and shot noise can be substantial. Furthermore, exclusion effects are significant and cause strong scale dependence on relatively large scales in the void auto-power spectrum [53, 54] . Thus, the scale-dependent bias from PNG is most apparent when voids are cross-correlated with other tracer species. The cross-power spectrum between the species i and j is given by
where δ i and δ j are their overdensities, and δ D is the Dirac delta function. On large scales it can be expressed as P ij = b i b j P mm + E ij , where b i are the linear bias parameters (Gaussian or non-Gaussian), P mm is the matter power spectrum, and E ij the shot noise matrix [87] . Fig. 1 shows the cross bias between matter and voids, b mv ≡ P mv /P mm , both in the Gaussian and the PNG simulations for a range of void sizes at z = 0. These voids have been identified in the matter density field with a sampling density of 0.02 ( Mpc h −1 ) −3 and binned into different sizes R v with a bin width of 5 Mpc h −1 . The Gaussian bias approaches a constant value for small k, and we fit it with a constant up to k < 0.03 Mpc −1 h. At z = 0, the Gaussian void bias decreases from b G v ∼ 1 to 0 when the void size reaches R v ∼ 17 Mpc h −1 , and it goes negative when the void size further increases. As shown in [54] , the Gaussian bias from Eq. (6) can qualitatively describe the trend in the simulations provided that δ v takes on values much larger than the spherical collapse value of −2.72, e.g. δ v −1 in [54] .
Furthermore, the PNG cross bias exhibits strong scaledependence in the low-k regime. We also plot the results obtained using Eq. (8) , the PNG signal becomes weak and the error on the fit larger (contrary to expectations in [52] ). The best-fit results agree well with the simulation, demonstrating that the scale dependence is indeed ∝ 1/[k 2 T (k)]. However, the large difference from the best-fit value of δ v ≈ −1 in the Gaussian case and the large variation of δ v with void size suggest that Eq. (8) is not adequate.
In Fig. 1 , we note that the sign of the scale-dependent bias changes from negative, when b [88] shows that voids do move along with the LSS. On the other hand, employing the merger-history argument in [30] 
We will leave more detailed modeling, e.g. direct testing of Eq. (7), to future work.
In order to circumvent the difficulty in observing P mv in galaxy surveys, we consider the cross-power spectrum between halos and voids, P hv . For convenience, we define b hv ≡ P hv /P mm . On large scales, where linear bias is valid, it is natural to expect b hv ≈ P mh P mv /P 2 mm . In Fig. 2 we plot the numerical measurements of b hv between a halo bin of mean mass M h = 2.9×10
13 M h −1 and two different void-size bins, R v = 12.5 and 32.5 Mpc h −1 . There is significant scale dependence in the PNG case relative to the Gaussian one on large scales. We also show P mh P mv /P 2 mm using the numerical power spectra. Indeed b hv agrees well with b mh b mv , but on smaller scales where nonlinearity and nonlinear biasing kick in, we expect deviations from this simple relation (although it is not apparent for this mass bin). Besides, we anticipate the void exclusion effect to be significant also for halovoid cross-correlations, because it is unlikely to find a massive halo close to void centers [53] .
Fisher forecast.-In this section we study how much additional information on f NL can be gained by including voids in a multitracer analysis using the Fisher matrix (see [89] [90] [91] for a review). For simplicity, we consider f NL as the only free parameter. Assuming that the Fourier modes of the overdensities of halos and voids are Gaussian distributed, the Fisher matrix of the fields reads
where V is the volume of the survey and Σ(k) is the covariance matrix of the multitracer density field [17] . The element of Σ ij (k) is simply given by all possible auto-and cross-power spectra P ij (k) from Eq. (10). We consider a hypothetical survey of volume 8 Gpc 3 h −3 at z = 1. We compare constraints on f NL from a multitracer survey of halos, voids, and a combination of the two. To be realistic, voids are constructed from the distribution of halos rather than the dark matter. In each case, the multitracer technique takes advantage of sampling variance cancelation in the primordial modes, which are fairly uncorrelated on large scales [17, 47] .
Since we found that Eq. (8) is not adequate, we use numerical power spectra from our second simulation set to calculate F fNLfNL . Note that the numerical power spectra already contain the shot noise contribution. The f NLresponse derivative ∂Σ/∂f NL is obtained by finite differencing of the f NL = 250 simulation measurement with the f NL = −250 one. We remove the scale-independent contribution due to differences in shot noise between the catalogs. To increase the accessible range in number densities, we use halos containing at least five particles. As we are primarily interested in the large-scale modes of the density field, the fact that these halos are not well resolved is expected to be of minor importance.
We have divided the full halo sample (minimum 5 particles) into five mass bins, with mean halo masses [20, 40] , and [40, 80] Mpc h −1 . The detailed shape of the PNG signals from these void samples will be investigated in future analyses.
In Fig. 3 we present the constraints on f NL via σ fNL ≡ 1/ F fNLfNL , using Fourier modes up to k max = 0.08 Mpc −1 h. The increasing number densities correspond to halo samples with at minimum 5, 10, 20, or 50 particles, respectively. The halo constraint is obtained using the available mass bins depending on the minimum particle threshold 1 . The constraints from voids alone are weak compared to those from halos, because of their high shot noise. The void constraint seems to saturate for n h 7 × 10 −4 Mpc −3 h 3 . When the minimal particle threshold decreases the sample void bias decreases and the current fixed wide binning is not optimal to capture the sample variation. However, when voids and halos are combined in a multitracer analysis, the joint constraints are improved appreciably thanks to large crosscorrelations between them. In particular, when the halo number density reaches 4 × 10 −3 Mpc −3 h 3 , the error on f NL is reduced by almost a factor of 2 compared to the halo case. This result is in good agreement with the analytical Fisher forecast based on Eq. (29) in [17] , shown as the green dotted line in Fig. 3 . In the calculation, we have used the f NL response measured from the cross correlation with the matter field and have assumed Poisson shot noise.
Conclusion.-Using a suite of N -body simulations we have demonstrated that in the local PNG model, voids exhibit a scale-dependent bias on large scales, just like halos. We have tested the simple scale-dependent bias prescription [Eq. (8) ] analogous to the halo case, but found that it fails to accurately predict the clustering statistics of voids. However, based on the Fisher matrix formalism for multiple tracers, we demonstrate that by combining the clustering information from voids and halos, constraints on f NL can substantially be tightened, as long as the number density of tracers is sufficiently high. Our simplistic analysis using a volume of 8 Gpc 3 h −3 and tracer densities up to 4 × 10 −3 Mpc −3 h 3 already renders f NL constraints of O(a few) achievable. Optimizing the binning strategy in constructing multiple tracers from halos and voids will most likely yield further gains [17, 87] . Future surveys, such as Euclid, will have access to even larger volumes and higher densities of tracers, opening up the possibility to significantly improve upon current CMB constraints on PNG with the help of cosmic voids. The latter are contained in the survey data anyway and hence provide additional information at no cost.
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